Background: In the context of ecosystem management, the present study aims to compare the natural and the present-day forested landscapes of a large territory in Quebec (Canada). Using contemporary and long-term fire cycles, each natural forest landscape is defined according to the variability of its structure and composition, and compared to the present-day landscape. This analysis was conducted to address the question of whether human activities have moved these ecosystems outside the range of natural landscape variability. Methods: The study encompassed a forested area of 175 000 km2 divided into 14 landscapes. Using a framework that integrates fire cycles, age structure and forest dynamics, we characterized the forest composition and age structures that resulted from three historical fire cycles (110, 140, and 180 years) representative of the boreal forest of eastern Canada. The modeled natural landscapes were compared with present-day landscapes in regard to the proportion of old-growth forests (landscape level) and the proportion of late-successional forest stands (landscape level and potential vegetation type). Results: Four landscapes (39%) remain within their natural range of variability. In contrast, nine landscapes (54%) show a large gap between natural and present-day landscapes. These nine are located in the southern portion of the study area, and are mainly associated with Abies-Betula vegetation where human activities have contributed to a strong increase in the proportion of Populus tremuloides stands (early-successional stages) and a decrease of oldgrowth forest stands (more than 100 years old). A single landscape (7%), substantially changed from its potential natural state, is a candidate for adaptive-based management. Conclusion: Comparison of corresponding natural (reference conditions) and present-day landscapes showed that ten landscapes reflecting an important shift in forest composition and age structure could be considered beyond the range of their natural variability. The description of a landscape's natural variability at the scale of several millennia can be considered a moving benchmark that can be re-evaluated in the context of climate change. Focusing on regional landscape characteristics and long-term natural variability of vegetation and forest age structure represents a step forward in methodology for defining reference conditions and following shifts in landscape over time.
Background
In the context of ecosystem management, attributes such as age structure and forest composition prior to extensive human activities can be used to determine reference conditions (Stoddard et al. 2006; Boucher et al. 2011) . The practice of ecosystem management demands that landscapes be managed as a whole by considering the biodiversity and ecological processes that influence forest dynamics (Keane et al. 2009 ). Ecosystem management and reference conditions are based on an understanding of natural variability at the landscape and stand levels (White & Walker 1997; Kuuluvainen 2002; Gauthier et al. 2008; Cyr et al. 2009; Bergeron et al. 2017) . The most important benefit of historical natural variability is increased understanding of the spectrum of conditions that frame ecosystem structure, composition, and function, when considering both temporal and spatial scales of natural disturbances and climate over the short and long term (Swanson et al. 1994; Landres et al. 1999; Keane et al. 2009 ). Under such conditions, ecosystems remain resilient because they have the capacity to recover after a disturbance (Holling 1973; Drever et al. 2006; Kuuluvainen 2017) .
Natural ecosystems and landscapes can offer an objective benchmark for guiding short-term and long-term goals for management and restoration of ecosystems (Swetnam et al., 1999; Gauthier et al. 2008; Keane et al. 2009; Kuuluvainen 2009 Kuuluvainen , 2017 . Such an approach to ecosystem management increasingly considers the effect of human activities on landscape (logging, anthropogenic fires), in addition to the influence of global climate change. This view acknowledges that present-day forest conditions are different from those of the past, and new conditions and ecosystems will emerge (Boulanger et al. 2014; Kuuluvainen 2017) . Under the current rates of harvesting and fire, the proportion of old forests could drop to a minimum level rarely seen in natural landscape in the past (Bouchard et al. 2015; Bergeron et al. 2017) . The estimated temperature increases in our study area (2°C according to RCP 4.5 and 6.0, Boulanger et al. 2014) could favor the development of ecosystems similar to those observed during the warm early Holocene period, dominated by early successional species (8500 to 6500 BP) (Ali et al. 2012) . These new ecosystems could be considered alternative stable states (Scheffer & Carpenter 2003; Jasinski & Payette 2005) , because they follow from a previous ecosystem with clearly defined characteristics. Furthermore, they are stable, because they have their own forest composition and dynamics. The initial ecosystem does not entirely disappear. Rather, it is absorbed, through the capacity of species to adapt to an ecosystem's modifications following human disturbances and climate change (Kuuluvainen & Siitonen 2013; Gauthier et al. 2015; Kuuluvainen 2017) .
The relationship between disturbance regime and forest dynamics is a key element for understanding the landscape heterogeneity of a large area, such as that considered in the present study. In natural landscapes currently characterized by a short fire cycle (< 150 years), relatively flat topography and fairly dry climate, such as in the western portion of the Quebec boreal forest, short term natural variability is defined by an age structure with 40% to 60% of forests more than 100 years old (Boucher et al. 2011; Bergeron & Fenton 2012) . Early-successional stands dominated by Betula papyrifera, Populus tremuloides, Picea mariana and Pinus banksiana cover a large area (Gauthier et al. 1998) . In these landscapes, such stands (ex. Populus tremuloides) can be perpetuated by recurrent fires (recurrent dynamics) or develop over time towards late-successional stands, generally dominated by Abies balsamea and Picea mariana (successional dynamics) (Cogbill 1985; Bergeron 2000; Lesieur et al. 2002; Couillard et al. 2012) .
Natural landscapes are characterized by a toposequence composed of specific assemblages of trees and understory vegetation with similar responses to microclimate, disturbances, physical environment and soil nutrients. Each of these assemblages has specific dynamics and corresponds to a habitat type (Daubenmire 1968) or a potential vegetation type (Meidinger & Pojar 1991; Powell 2000; Ohmann et al. 2007; Saucier et al. 2009 ). The determination of the proportions of the potential vegetation types and successional stages in a specific natural landscape must consider the historical variability of the fire cycle (Kuuluvainen 2009; Vijayakumar et al. 2015) . Throughout the western portion of our study area, the fire cycle is estimated at 130 years during the Little Ice Age (LIA, 1550 (LIA, -1850 and 230 years from 1850 to 1920 (Bergeron & Dansereau 1993; Bergeron et al. 2001) .
Gradually, over the last centuries, natural landscapes of the boreal forest have been modified by human activities, and gaps between natural and present-day landscapes have widened (Foster et al. 1998; Axelsson & Östlund 2001; Arbour & Bergeron 2011; Kuuluvainen et al. 2015) . The crucial question for the long-term sustainability of forest use is: to what extent do human activities provide suitable habitats for species populations and their dynamics (Kuuluvainen 2017) ? In order to answer this question, it is essential to determine the critical thresholds of ecosystem change.
The impact of human activities makes it difficult to characterize natural landscapes, and various ways to reconstruct them have been proposed (Kuuluvainen 2002 (Kuuluvainen , 2017 Keane et al. 2009; Pollock et al. 2012; Laflamme et al. 2016) . In this study, we used a modeling approach to quantify a theoretical natural landscape in regard to fire cycle, age structure and forest dynamics (Bergeron & Dansereau 1993; Leduc et al. 1995; Gauthier et al. 1996 Gauthier et al. , 1998 Harvey et al. 2002; Grondin et al. 2010) . Our study focuses on a 175,000 km 2 section of the Quebec boreal forest. Our goals are to a) define the natural conditions of each landscape composing this large territory in terms of age structure and forest composition of the potential vegetation types and b) to compare the natural landscape conditions and their variability to the present-day landscapes. This comparison will highlight the impact of human activities and the importance of refining our management strategies in the context of climate change.
Methods

Study area
The study area belongs to the boreal biome, specifically, to the Abies balsamea-Betula papyrifera domain in the south and the Picea mariana-feathermoss domain in the north (Saucier et al. 2009 ). Six of the tree species most common to this biome are well represented in both domains. These are light-demanding (Pinus banksiana Lamb., Betula papyrifera Marshall, Populus tremuloides Michaux), shade-tolerant (Abies balsamea (Linnaeus) Miller and Picea glauca (Moench) Voss), and ubiquitous species (Picea mariana (Miller) Britton, Sterns & Poggenburgh). For the purposes of this study, the area has been subdivided into 14 landscapes (Grondin et al. 2014 , Fig. 1 , Table 1 ). All of these landscapes have experienced human activities to varying degrees for the last 100 years. The two southern extremities of the territory (west and east) have been particularly affected, and more recently, development has expanded toward the north and centre of the territory (Additional file 1: Appendix 1). In the landscapes of the southern portion, Betula papyrifera, Picea mariana and Abies balsamea are abundant and the topography is generally hilly. In the landscapes of the central portion, Betula papyrifera, Populus tremuloides, Picea mariana and Pinus banksiana are the most abundant species. Abies balsamea increases from west to east along the longitudinal gradient. In the landscapes of the northern portion, Picea mariana and Pinus banksiana are well represented. The northwestern extremity has a flat topography dominated by organic deposits and Picea mariana. The western part of the study area belongs to the Quebec Clay Belt (Veillette 1994) . All these differences are the result of the combined effects of climate, natural and human disturbances, and physical environment variability (Ohmann et al. 2007; Grondin et al. 2014) . Fig. 1 Location of the study area (in red) and delineation of the 14 present-day landscapes considered in this study (Grondin et al. 2014 ). The Lac Saint-Jean region corresponds to Landscapes 6, 8b and 8c and the Abitibi region to Landscapes 5 and 9. Réservoir Gouin is located in the western part of Landscape 7a. According to their location and attributes (vegetation, climate, disturbances, physical features), the landscapes are subdivided into two bioclimatic domains and portions of them (southern, northern). The landscapes are described in Table 1 Fires are the main natural disturbance in the study area, but scattered Abies balsamea stands have been subjected to spruce budworm outbreaks every 30-40 years during the last century (Bouchard et al. 2007 ). The length of the fire cycle has been longer since the end of the Little Ice Age (1850) (Bergeron et al. 2014; Drobyshev et al. 2017) . Fires occuring before European colonization of the area are considered natural in origin (prior to 1910 AD, Bergeron et al. 2004 ). Subsequently, human activities caused many fires, making it difficult to distinguish them from those of natural origin. The first period of logging activities extended mainly from 1910 to 1950, and forest management was characterized by horse skidding and river-based log driving (Boucher et al. 2009 ). These activities were concentrated in the southern portion of the study area. Steam-powered trains were used on a railway that crossed this part of the territory, from the Lac Saint-Jean (east) to Abitibi (west) regions. Many fires started from embers that fell from these trains. Human fires were also abundant until close to 1950 on the agricultural lands of these regions. The second period of human activities (since 1950) was associated with mechanized logging, diesel-powered trains, lumber transport by road, and the northward expansion of logging.
Modeling natural landscapes
Natural landscapes are defined here in regard to a theoretical forest age structure and forest composition. The landscape is theoretical inasmuch as it must be reconstructed, given that natural stands are often scarce or absent due to human activities. The age structure is derived from historical fire cycles, and allows us to calculate the proportion of old forest. Forest composition is determined based on both age structure and forest modeling, and is used to define a proportion of potential vegetation types and successional stages. The proportions of old forest (more than 100 years old) and potential vegetation type-successional stages are characterized by a natural variability defined by using historical fire cycles (Appendices 2, 3). This procedure excludes the effects of anthropic activities, which are considered in the analysis of the present-day landscape in a subsequent section.
The boundaries of natural landscapes
Analysis of natural landscapes is based on the same boundaries as those of present-day landscapes (Grondin et al. 2014 , Fig. 1 ). These boundaries were defined from data collected by the Quebec Ministry of Forests, Fauna and Parks (MFFP) in the form of forest maps and forest inventory plots. Most of these data were Table 1 Description of present-day landscapes according to the vegetation (V), climate (C), physical environment (PE), natural disturbances (ND) and human disturbances (HD). Colors represent forest classification (Fig. 1) A: Landscapes of the southern part of the study affected by an increase of Populus tremuloides (PotrF). V: Vegetation: Relative area of Abies balsamea stands (AbbaF), Betula papyrifera (BepaF), Pinus banksiana (PibaF), Picea mariana (PimaF), Picea mariana and Abies balsamea (Pima-AbbaF), Populus tremuloides (PotrF) according to MFFP forest maps (1980s). C: Climate: Annual number of growing degree-days (Gdd), rainfall during the growing season (mm) (Preci) from BioSim software (Régnière 1996) . PE: Physical environment: Absolute difference of topographic elevation (m) between the upper and the lower part of the hills (Ele), relative area of glaciolacustrine fine-textured deposit (clay) (D_4GA) and organic deposits (D_7) according to MFFP forest maps (1980s). ND: Natural disturbances: Relative area for light spruce budworm outbreak from MFFP forest maps (1980s) (Sbom). Relative importance of forest inventory plots classified in relation to fires: before 1870 (1850), between 1870 and 1900 (1890), 1901 and 1930 (1920) and after 1930 (1950) . HD: Human disturbances: Relative area covered by logging (Log1), agriculture (Ag1), fallow farmland (Fa1) from MFFP forest maps (1970s). Frequency of human-induced fires per 100 km 2 from 1938 to 1998 from MFFP archives (Hf1). Relative importance of forest inventory plots from logging since 1930 (1950) elaborated during the 1970s and 1980s. The data were used to develop two matrices on which redundancy analysis was conducted (RDA), followed by Kmeans grouping (Borcard et al. 2011) . For the purposes of simplification, the original codes of the present-day landscapes were modified. Although landscapes are coded from 1 to 9, a total of 14 are included in the study because some landscapes are similar in forest composition and age structure yet are geographically distinct (e.g. 8a, 8b, 8c).
Fire cycle and age structure of natural landscapes
For each present-day landscape (n = 14), a natural or potential vegetation landscape was created based on historical fire cycles (Grondin et al. 2010 ; Additional file 1: Appendix 2). The fire cycle is defined as the time needed by natural fires to burn an area equivalent to the study area. In the eastern Canadian boreal forest, fires are generally extensive and severe (Bergeron et al. 2001) . Two complementary approaches were used to estimate the fire cycle. The first and most precise is based on fire origin maps and fire cycles developed by various authors (e.g. Bergeron et al. 2001) . Considering that the maps cover only 25% of the study area, a second, complementary approach relies on MFFP forest inventory plots. Each plot with no evidence of human activites (n = 38,576) was attributed a year of origin according to the age of the oldest tree (Vijayakumar et al. 2015) . This age was estimated by counting the annual rings of a core taken with a Pressler borer at the DBH of the tallest trees (three trees per plot). Some stands originated from fires older than any individual tree still standing. Considering the abundance of wood charcoals found throughout the forest soils of our study area (Frégeau et al. 2015) and the forest origin maps available (Fig. 2) , we estimated that these forests originated mainly from fires that occurred in the first part of the 19th century. These forests correspond to Abies balsamea stands nowadays affected by recurrent spruce budworm outbreaks, and are scarce on mesic soils because of the short contemporary fire cycle characterizing the study area (Table  1) . Analysis of the age of forest inventory trees at the dennial scale (1800, 1810…) and their distribution led to determination of fire periods centered on the years 1850, 1890, 1920 and 1950 . The 1850 period corresponds to the reported end of the Little Ice Age, while 1920 marks the beginning of intensive colonization of the region (Bergeron et al. 2001) .
Each landscape is characterized by a relative proportion of trees originating from various fire periods. To define the fire cycle for each landscape, we associated an age to each fire period (ex. 1920 = 80 years in 2000) and calculated a weighted mean, which corresponds to the fire cycle (Bergeron et al. 2001) . Fire cycle mapping was compared to species distribution to determine whether the shortest fire cycle was associated with fire-prone species, such as Pinus banksiana (Dix & Swan 1971) . Considering the small difference in fire cycles of adjacent landscapes, we grouped these landscapes to form three main fire cycles (Additional file 1: Appendix 3). These fire cycles were subsequently used to characterize the age structure of each landscape by considering the negative exponential proposed by Van Wagner (1978) (Additional file 1: Appendix 2). For example, the fire cycle for landscape 9 is 146 years. This fire cycle is similar to that of other landscapes (e.g. 6 and 5). We classified these landscapes together in the same main fire cycle of 140 years (Additional file 1: Appendix 3b).
Forest dynamics of potential vegetation types and successional stages
To complete the description of the natural landscapes in regard to vegetation, knowledge of forest dynamics is essential (Grondin et al. 2010 ; Additional file 1: Appendix 2). Forest dynamics are driven by disturbances and are reflected in particular in the transition from early to late successional stages characterizing each type of potential vegetation. We defined the forest dynamics of the study area in regard to five potential vegetation types: Abies-Betula, Picea-Populus, Abies-Picea, Picea-mosses and Picea-sphagnum (Saucier et al. 2009 ). Each of these was sub-divided into four successional stages, defined by the relative proportion of shade tolerant forest species: early-successional (S2), juvenile (S3), intermediate (S4) and late-successional (S5) forests (Saucier et al. 1994) . Stage S1 (regeneration) was not considered, since none of the forest inventory plots were non-forested.
To model forest dynamics, we characterized each MFFP forest inventory plot (n = 38,576) according to one of the 20 combinations of potential vegetation types-successional stages. This information was used to define the relative frequency of each combination according to 10-year age classes. We adapted a 3-parameter Weibull distribution to estimate the parameters for each relative frequency characterizing the 20 combinations. These parameters were used to model the forest dynamics. The fit of the model with the initial relative frequency was confirmed with a Kolmogorov-Smirnov statistical test showing that the Weibull distribution supports our estimation parameters. Evaluations of the Weibull distribution and Kolmogorov-Smirnov statistical test were carried out using R statistical language (R Development Core Team 2010, library stats4). To complete the description of the 14 natural landscapes, we integrated the theoretical distribution of the age classes (landscape age structure) with the forest dynamics.
Natural range of variability of the three fire cycles characterizing the natural landscapes Once the fire cycles, age structure and composition of natural landscapes has been determined, the natural variability of each landscape can be estimated. This will make it possible to subsequently determine whether a landscape is inside or outside its natural range of variability.
Spatial and temporal variability
To define fire cycle length, we first drew upon reference studies that characterize fire spatial variability (Appendices 3a, 3c). For example, Le Goff et al. (2007) estimated a fire cycle of 85 years in a portion of their study area (our Landscape 2), with a variability (confidence interval) of 59 to 122 years. These three values were used to characterize the natural fire variability of Landscape 2. We also determined a contemporary temporal variability for each fire cycle by considering first the LIA (1550-1850) and the following period, from 1850 to 1920. To complete the description of the temporal variability, we extended this knowledge to the Holocene based on studies by Carcaillet et al. (2010) and Cyr et al. (2005) .
Range of variability
After estimating the spatial and temporal variability of fire cycles for each landscape, we defined the range of variability by considering the minimal and the maximal length of the fire cycle of all the landscapes belonging to the same main fire cycle. For example, Landscape 9 is grouped with other landscapes having similar fire cycles (e.g. 7a, 6), and all the fire cycles associated with these landscapes are used to define the variability of a main fire cycle, the second (C2), which varies in length from 47 to 340 years (Additional file 1: Appendix 3a). We used these maximum and minimum lengths to estimate the absolute range of variability of each landscape in regard to forest composition (Additional file 1: Appendix 4) and age structure (proportion of forest more than 100 years old, (Additional file 1: Appendix 6).
Present-day landscapes
The present-day landscape may still be natural or it may have been essentially transformed, either by forest management activities or a combination of forestry and agricultural activities (land clearing, 1910-1950) . We evaluated landscape transformation by using the forest inventory plots and maps produced by the MFFP in the 1980's. On these maps, each forest cover stand is characterized by an age, and these were summarized in the following classes: 10 (1-20), 30-50 (21-60), 70-90 (61-100) and 120 (> 100) years old. Using the same forest maps, we also defined each of the 14 landscapes in regard to forest composition and potential vegetation. A successional stage was attributed to each stand delimited on the forest maps. This stage relies on the forest species classification in regard to shade tolerance (Saucier et al. 1994) . In characterizing the present-day landscape, recent logging was considered as a specific class that also includes agriculture and is concentrated in the Lac Saint-Jean and Abitibi regions.
Comparison of natural and present-day landscapes
To compare the age structure and forest composition (potential vegetation type and successional stage) of the 14 natural and present-day landscapes, we created five classes that express the degree of difference between the two types of landscapes. These classes range from very small (< 20%) to very large (> 80%). The formula used to calculate the gap between natural and present-day landscapes is presented in the lower section of Fig. 6 and in Additional file 1: Appendix 6. An analysis of the impact of human disturbances on forest composition in our study area underlies this analysis (Additional file 1: Appendix 1). The comparison also considers the four portions of the bioclimatic domains defined in Fig. 1 and used to describe the landscapes in Figs. 4 and 6.
Results
Fire cycles and age structure of the natural landscapes
The first fire cycle (110 years) characterizes Landscapes 2 and 4b, studied by Bergeron et al. (2001) and Le Goff et al. (2007) (Fig. 2) . The natural variability associated with this fire cycle extends from 56 to 315 years (Additional file 1: Appendix 3). The minimum value characterizes the 1850-1920 period (Bergeron et al. 2001) , and the maximum value, the 1550-1850 period (Le Goff et al. 2007 ). The rarity of Abies balsamea and the relatively high proportion of sandy deposits occupied by Pinus banksiana are related to this relatively short fire cycle (Additional file 1: Appendix 1, Table 1 ). Recent natural fires (1950 period) also characterize the landscapes associated with this fire cycle ( Table 1) .
The second fire cycle (140 years) is closely related to that obtained by fire origin maps produced by Bergeron et al. (2001) , ( Fig. 2, F1 to F3) and Lesieur et al. (2002, F8) . Landscapes belonging to this fire cycle have equivalent proportions (50%) of stands originating from fires of the 1850 and 1920 periods (Table 1, Additional file 1: Appendix 3b). In accordance with contemporary ecologists (Bergeron et al. 2001 (Bergeron et al. , 2004 Lesieur et al. 2002) and paleoecological studies (Carcaillet et al. 2010) , we estimate that the natural variability of this fire cycle extends from 47 to 340 years. The minimum value was reached during the LIA, and the maximum during an earlier period of the Holocene.
The third fire cycle (180 years) is associated to landscapes characterized by a relatively high proportion of stands of the 1850 period (Table 1, Additional file 1: Appendix 3b) and the scarcity of Pinus banksiana. Four landscapes compose this third cycle. They are homogeneous, with the exception of Landscape 1, which is distinguished by its large proportion of organic deposits and the abundance of forest stands originating from the 1850 period (Table 1 ). This landscape also has a long temporal fire cycle (446 years) (Cyr et al. 2005 ) and a relatively high proportion of forests more than 100 years old (Additional file 1: Appendix 6). However, considering the length of the historical fire cycle (146 years) reported by Bergeron et al. (2001) and the variability of the fire cycles concentrated between 100 and 190 years (Additional file 1: Appendix 3a), we classified it in the third fire cycle. The natural variability of this third fire cycle ranges from 65 to 446 years. The minimum value was reached during the LIA, and the maximum during a previous period of the Holocene (Additional file 1: Appendix 3).
Forest dynamics of potential vegetation types and successional stages in the natural landscapes
In the study area, each potential vegetation type is characterized by a particular geographical distribution and forest dynamic (Fig. 3) . Potential vegetation type Abies-Betula is associated with the Abies-Betula domain; Abies-Picea is defined by colder conditions, and marks the transition between Abies and Picea domains. Picea-mosses vegetation characterizes the northern portion. Picea-sphagnum is associated with forested wetlands, mainly located in the north-western part of the study area (Landscape 1). Finally, Picea-Populus is concentrated along the Clay Belt (Landscapes 3a, 4a, 5, 9, Fig. 1) .
Comparison of the forest composition and dynamics characterizing the five potential vegetation types reveals a dominance of the early-successional stage (S2) for a period of approximately 10 to 80-110 years after the last fire. During this period, all successional stages are present in the landscape. Later, and for about 110-140 years, all successional stages remain present, but mid-successional stages (S3-S4) are well represented in the landscapes. After 140 years, stages S2, S3 and S4 gradually decrease in abundance and late-successional stands (S5) become more and more abundant.
Comparison of natural and present-day landscapes
Comparison of the natural and present-day landscapes highlights changes in forest composition and age structure under the influence of human activities. In each southern and northern portions of the two bioclimatic domains (Fig. 1) , one representative landscape (8a, 6, 4b, 3a) was selected to illustrate differences between natural and present-day conditions (Figs. 4, 5 and 6 ).
Landscapes of the southern portion of the Abies balsameaBetula papyrifera domain
These landscapes (8a, 8b, 8c, 9) are naturally dominated by late stages of Abies-Betula vegetation (Fig. 4 , Appendices 4, 5). Comparison of the natural and present-day landscapes shows an important decrease in the proportion of late successional stages of Abies-Betula vegetation to the benefit of early successional stages. Natural landscape 8a is defined by a proportion of late-successional Abies-Betula vegetation making up 22% to 36% of the landscape. In the present-day landscape, this proportion is 7%, which is much lower than the lowest threshold of natural variability. The increase of early successional stands, mainly Populus tremuloides, is linked to logging as well as repeated fires of human origin (Table 1, Additional file 1: Appendix 1). When we consider all of the potential vegetation types, the gap between the late successional stages of the natural and present-day landscapes is small. This can be explained by the limited differences between the natural and present-day landscapes of potential vegetation types other than Abies-Betula (Fig. 5a) . Comparison of forest stands more than 100 years old indicates a very large gap between the natural and present-day landscapes. Natural Landscape 8a is defined by a 45% proportion of forest stands more than 100 years old, which represent only 5% of the present-day landscape (Fig. 5b) . This gap is very large, and similar to that in other landscapes located in this southern portion of the study area (Fig. 6) .
Landscapes of the northern portion of the Abies balsameaBetula papyrifera domain
These landscapes (6, 7a, 7b) are naturally dominated by late-successional stages of both Abies-Picea and Picea--mosses vegetation (Fig. 4, Appendices 4, 5) . AbiesBetula vegetation is uncommon, but the gap between natural and present-day landscape is similar to that in the southern portion of the domain. The proportion of late and early successional stages of the dominant potential vegetation types decreases mainly under the influence of logging. Comparison of natural and present-day proportions of forest stands more than 100 years old indicates a very large gap for Landscape 6, and a large gap for Landscapes 7a and 7b (Figs. 5 and 6). In landscape 6, the proportion of old forest is only 5%, while the minimal range of its natural variability is close to 15% (Fig. 5b) . This minimal range was defined by the second fire cycle (C2), extending from 47 to 340 years. (8a, 6, 4b, 3a) in regard to their natural and present-day landscapes. These landscapes are located in the four portions of the study area (Fig. 1) . The gaps between the two types of landscapes (black points and rectangles) are defined in Fig. 6 Fig. 6 Summary of the comparisons between natural and presentday landscapes and classification of the landscapes in regard to human disturbances
Landscapes of the southern portion of the Picea marianafeathermoss domain
These landscapes (4b, 4a, 5) are naturally dominated by late-successional stages of Picea-mosses vegetation, but early-successional stages of this potential vegetation type are also well represented. Potential vegetation types characterizing the Abies balsamea -Betula papyrifera domain (Abies-Betula, Abies-Picea) are present but not abundant. These landscapes have been cut more or less intensively (Additional file 1: Appendix 5), and the stands affected have mainly developed towards a forest vegetation resembling the one that preceded the disturbance (cyclic succession), with often abundant ericaceous species (Grondin & Cimon 2003) . However, although vegetation has changed little, forest maps do indicate that the gap between the proportion of old forest in natural and present-day landscapes is very large. This proportion is below the minimal range of variability for the first (C1, Landscape 4b) and second fire cycles (C2, Landscape 4a) (Fig. 5 , Additional file 1: Appendix 6).
Landscapes in the northern portion of the Picea marianafeathermoss domain
These landscapes (3a, 3b, 2, 1) are naturally dominated by late successional stages of Picea-mosses vegetation. Picea-sphagnum potential vegetation is well represented (Additional file 1: Appendix 4). The landscapes of the northern part of the study area have been affected by human activities to various degrees. On MFFP maps of the 1980s, Landscape 3a is the most affected by forest logging (26% of the area), which has mainly been conducted on clay deposits in recent decades. These stands will develop towards early successional Picea-Populus potential vegetation (Grondin & Cimon 2003; Arbour & Bergeron 2011) . Landscape 2 has also been affected by recent fires (close to 10% of its area since 1970, Table 1 ) and early successional stages of Picea mariana-mosses vegetation, often dominated by Pinus banksiana, abound. Some of these stands are characterized by forest openings (regressive dynamics, Girard et al. 2008) . At the opposite end of the spectrum, Landscape 1, dominated by organic deposits, is characterized by a high proportion of Picea mariana and sphagnum vegetation. Paludification is the main process controlling the dynamics of this landscape (Simard et al. 2007 ).
Discussion
The theoretical natural landscapes developed in this study and their long-term variability constitute the reference conditions for evaluating the gap between past (natural) and present-day landscapes over a large portion of the eastern Canadian boreal forest. Diverse concepts and methods were used to define the natural landscapes.
While these have some limitations, we have demonstrated to what extent human activities have affected the resilience of the landscapes described here.
Pertinence of the use of potential vegetation types
Each landscape is characterized by a toposequence of potential vegetation types. This concept constitutes the foundation of the hierarchical system of ecological classification used in Quebec (Saucier et al. 2009 ) and in many countries around the world (Meidinger & Pojar 1991; Powell 2000) . This vegetations allow us to conduct a comparative analysis of natural and present-day landscapes by considering entities with distinct physical features (surficial deposits, drainage, position along the slope), nutrient regime and forest dynamics (successional pathways). The present study shows the specific dynamics of the Abies-Betula potential vegetation type following human disturbances, which are characterized by abundant development of early successional species. The other potential vegetation types are less prone to changes because their nutrient regime is poorer, as revealed by the undergrowth vegetation. Abies-Betula vegetation is associated to species such as Acer spicatum (Blouin & Berger 2002) . Picea vegetations is characterized by ericaceous species and is associated with disturbances (logging and fires in boreal forest) that tend to foster invasion by this group of species (Grondin & Cimon 2003) .
The concept of potential vegetation is, however, controversial (Chiarucci et al. 2010) , mainly because human activities (fire, logging) can alter vegetation to the point that the dynamics characterizing the potential vegetation type become impossible to attain. In our study area, human activities have mainly led to an increase in early successional species or the development of ericaceous species. Despite these changes in forest composition, potential vegetation types can be established. We conclude that the concept of potential vegetation type is relevant in studies comparing natural and present-day landscapes. However, the use of the potential vegetation type must be accompanied by a thorough knowledge of the impact of natural and human activities on forest dynamics.
Considerations related to fire cycle, age structure and natural variability Our approach also involves determining the fire cycle of each of the 14 landscapes (Additional file 1: Appendix 3), which we synthesized into three main fire cycles. Fire origin maps and forest inventory plots (n = 38,576) were used to define these fire cycles. Fire origin maps provide more accurate information, but those available for the study area cover only 23% of the territory. A complete fire origin map would produce more accurate results. Considering the large surface area studied (175,000 km 2 ), producing such a map was impossible.
To establish the fire history of the total surface area studied, we relied on forest inventory plots, but these have some limitations as well. One of these is that the non-forested stands are excluded from forest plots. A forested stand is characterized by trees over 4 m in height covering more than 10% of the sampled area (Saucier et al. 2009) . In this way, we overlooked recent fires, and the proportion of fires occurring during the 1950 period (post-1930) is underestimated, especially in the northern part of the study area (Landscape 2). For example, the proportion of area from the 1950 period in Le Goff et al. (2007) is close to 30%, compared to 9% in the present study (Table 1) . Because of this limitation, we have adjusted the fire cycle obtained from the forest plots to correspond to that of Le Goff et al. (2007) (Additional file 1: Appendix 3). On the basis of fire cycles, we defined an age structure using a negative exponential distribution, with the aim of evaluating the relative proportion of area occupied by age classes ranging from 30 to 500 years. Van Wagner (1978) demonstrated that, under certain conditions, the probability distribution of stand ages in a landscape subject to periodic renewal by random fire can be expected to be exponential. However, forest age structure of the present-day landscapes cannot follow an exponential distribution due to the uneven distribution (Boychuk & Perera 1997 ) and variable severity (Pennanen 2002 ) of disturbances (Bergeron et al. 2001; Le Goff et al. 2007 ). For example, in our study area, fires were concentrated mainly around 1820 and 1910 -1920 (Bergeron et al. 2001 , 2004 . Despite the limited similitude between the present-day age structure and the theoretical one, we assume that even though the area covered by fires is irregular over time, the proportion of old forest obtained for each landscape by the negative exponential method is representative of the evolution of the landscape under natural disturbances (Gauthier et al. 1996; Cyr et al. 2009 ).
The natural variability of each fire cycle was determined on the basis of contemporary and Holocene studies (Additional file 1: Appendix 3). For the three main fire cycles (110, 140, 180 years), the natural variability extends from approximately 50 to 350 years. This is a very long time range, and we estimate that it reflects total contemporary and Holocene fire cycle variability. A more precise characterization of the range of natural variability of a fire cycle could be obtained by complementary analysis of existing paleoecological studies, including statistical analysis of these data (Vijayakumar et al. 2015) .
Considerations related to models of forest dynamics
The forest dynamics presented in this study suggest a clear dominance of successional dynamics (Frégeau et al. 2015) . Abies-Betula and Abies-Picea potential vegetation types are mainly characterized by successional forest dynamics in regions with a long fire cycle (Bergeron 2000; Lesieur et al. 2002; Lecomte & Bergeron 2005; Couillard et al. 2012) . However, in regions where the fire cycle is short (< 150 years), many stands repeatedly restart succession after fire, and sites occupied by late successional vegetation are rare. For example, Betula papyrifera do not develop toward Abies balsamea stands, and early successional stands define a cyclical dynamic. Mixed stands containing Picea mariana and Pinus banksiana and belonging to the Picea-mosses potential vegetation type are also generally characterized by a cyclical dynamic (Cogbill 1985; Couillard et al. 2012; Frégeau et al. 2015) . These stands belong theoretically to the early successional vegetation but, according to the forest classification of successional stands in terms of shade tolerance, they are considered late successional stands (S4-S5) (Saucier et al. 1994) . In this context, the classification should be adjusted.
Impact of human activities on landscape changes
During the twentieth century, human activities have resulted in an important increase in the proportion of early successional stages, and a decrease in the proportion of old-growth forests in some portions of the study area (Gauthier et al. 2008; Cyr et al. 2009 ). Based on the degree of impact of human activities on landscape changes, and following Kuuluvainen (2017) , we have identified three levels of disturbance (Fig. 7) .
Landscapes still within their natural range of variability
Four of the 14 landscapes (1, 2, 3a, 3b, 39% of the total area) are still considered within their natural range of variability (Fig. 6 ). These landscapes characterize the northern part of the study area. The gaps between the natural and present-day landscapes vary from very small to moderate in regard to both forest composition and age structure. These landscapes are resilient and every precaution is taken by ecosystem-based forest management approach to avoid any shift outside of their natural range of variability due to logging currently underway. Today, logging proceeds according to principles of ecosystem management, and forestry strategies are heavily regulated (Jetté et al. 2013) . The main issue in this territory is the loss of timber-productive forest area caused by regeneration failure following both logging and natural fires (Girard et al. 2008) . Several sites have been invaded by ericaceous shrubs, and have had to be reforested by plantations (Grondin & Cimon 2003) . Research projects are currently underway, in order to better understand processes of forest opening and rates of forest regeneration following disturbances in the context of climate change.
Landscapes outside of their natural range of variability but still resilient
On the basis of age structure and forest composition, we estimate that nine landscapes show a large gap between natural and present-day states and can be considered outside their natural range of variability (Gauthier et al. 2008; Cyr et al. 2009 ). These can be divided into two categories.
The first category includes four landscapes (6, 8a, 8b, 9, 23% of the total area), most located in the Abitibi and Lac Saint-Jean regions, the exception being Landscape 8a, which is located in the southern portion of the study area. These landscapes have proportions of early successional stands and young forests that exceed their natural variability. Such attributes are a legacy of past human activities, including agriculture (land clearing, logging and fires) and human-induced fires caused by steam trains crossing Landscape 8A to link the Abitibi and Lac Saint-Jean regions. The influence of these two activities on landscape dynamics ceased around 1950, with the prohibition of agricultural fires and switch from steam to diesel-powered trains (Bergeron et al. 2004 ). Although these landscapes were known to be invaded by broadleaf species following human activities (Grondin & Cimon 2003) , they had never been evaluated to determine whether they are outside their natural variability. The expansion of Populus tremuloides, and, to a lesser extent, Betula papyrifera, is commonly observed in southern regions of Quebec that have been affected by logging and human fires during the twentieth century (Bouchard & Domon 1997; Boucher et al. 2009; Marchais 2017) .
The second category of landscapes with a large gap between their natural and present-day states includes five (4a, 4b, 7a, 7b, 8c, 31% of the total area) that were subjected to relatively intense logging during the 1950-2000 period. All are located on the margin of two of the province's main regions of forest development, Lac Saint-Jean and Abitibi. Logging here corresponds essentially to clearcutting, conducted without considering ecosystem management strategies first implemented in the province of Quebec in 2004 (Gauthier et al. 2008) .
Landscapes classified outside of their natural variability are still resilient and are in the rehabilitation stage (Kuuluvainen 2017) . These landscapes could, with appropriate silvicultural prescriptions and time, return to a composition and structure within their natural range, or be restored sufficiently to at least be able to maintain their functions (Holling 1973; Gauthier et al. 2015; Kuuluvainen 2017) . Landscapes are considered resilient when they have the attributes, such as species diversity and good growth potential, to ensure a dynamic towards late-successional stands. Silvicultural strategies should notably encourage natural conifer regeneration or the planting of genetically improved coniferous varieties. Time is needed to observe the response of forest cover to silvicultural treatments. The maintenance of a certain proportion of old forest (partial cuts) is also important, due to the specific biodiversity of these habitats (Prévost et al. 2003; Cyr et al. 2009; Marchais 2017) . Furthermore, the percentage of old-growth forests is expected to decrease as a result of climate change (Bergeron et al. 2017) . In some cases, the target of natural variability will be achieved, but in others it will be difficult to maintain, given climate change and current harvesting levels Bergeron et al. 2017 ).
Landscapes outside their natural range of variability and managed with adaptive-based strategies Landscape 5 (Figs. 1, 7% of total area) is considered outside its natural range of variability and has lost its resilience. Compared to landscapes discussed above (landscapes still resilient), the current forest attributes (composition and structure) of this landscape seem unlikely to restore conditions that fall within its natural range of variability. Logging and human-induced fires of Fig. 7 Links between levels of human disturbances and the type of forest management the 20th century fostered an expansion of Populus tremuloides, which is very aggressive in clay deposits, and a significant decrease of Picea mariana. The latter species cannot regenerate after the combined action of logging and fires, due to the absence or rarity of seed banks. Abies balsamea, which have much more opportunistic reproductive strategies, are thus companions to Populus tremuloides (Grondin & Cimon 2003; Arbour & Bergeron 2011) . Many stands are also dominated by Populus tremuloides with a dense layer of Alnus spp. The Picea-Populus natural potential vegetation type is gradually being replaced by early successional stages (S2S3) of Abies-Betula potential vegetation types. This new potential vegetation represents an alternative state, since it makes the return to a landscape resembling the original one appear impossible. This forest dynamic demonstrates that human activities can create an alternative state in the same way that natural disturbances can (Scheffer & Carpenter 2003; Jasinski & Payette 2005) . Silvicultural strategies for Landscape 5 should thus be defined according to the principles of adaptive-based management, which focuses on the capacity of species to adapt to the changes affecting their habitat (Drever et al. 2006; Kuuluvainen et al. 2017 ). In Table 1 , some landscapes that have the same description as Landscape 5 are considered to be outside of their natural range of variability but resilient. The specific classification of "Landscape 5" as non-resilient is closely related to the forest dynamics of Picea-Populus potential vegetation observed on flat clay deposits. Landscape 9 (south-western part of the study area) is also dominated by mesic-subhydric clay deposits, but these are mainly associated to Abies-Betula potential vegetation and an undulated relief. Landscapes 6, 8a, 8b and 9 (eastern part of the study area) are dominated by glacial deposits (till). Potential vegetation Picea-Populus is absent from these areas, and is therefore not included in their description.
We estimate that, originally, Landscape 5 had characteristics of an ecosystem belonging to the southern portion of the Picea mariana-feathermoss domain. Modifications imposed by anthropic activities in this landscape have made it resesmble an ecosystem closer to the Abies balsamea-Betula papyrifera domain today (Grondin & Cimon 2003; Laquerre et al. 2009; Saucier et al. 2009; Arbour & Bergeron 2011 ). These processes demonstrate that anthropogenic activities can provoke a change of bioclimatic domain. This hypothesis is supported by the similarity between the physical features of southern Landscape 5 and northern Landscape 4a (Fig. 1) , which both lie on flat mesic-subhydric clay deposits. Landscape 5 has been greatly impacted by human activities, whereas, just to the north, Landsape 4a is in a more natural state (Additional file1: Appendix 1, Bergeron et al. 2004 ). Prior to human activities, which began in the early twentieth century, Landscapes 5 and 4a were probably similar in regard to their forest composition and age structure. In Landscape 5, logging and fire have favored the development of a landscape that resembles those that are likely to be created by climate change.
Conclusion
This study aimed to define the natural conditions of the 14 landscapes composing a vast area of boreal Quebec in terms of age structure and forest composition, and considering its variability over several millenia. Our analysis showed that these natural landscapes and their variability can be considered as moving benchmarks for defining reference conditions. The study also set out to compare the 14 natural landscapes with those present today, in order to evaluate the gap between the two. Comparison revealed the unmistakable imprint left by anthropic disturbances. Our classification of the landscapes thus reflects the influence of colonization and forest logging of the Abitibi (southwest of the study area) and Lac Saint-Jean (southeast) regions since the beginning of the twentieth century. Of the 14 landscapes, nine (54% of the total area) are outside of their natural variability and we estimate that they could return to this range of variability through appropriate silvicultural strategies.
This study is the first to present such detailed reference conditions for our study area. Boucher et al. (2011) defined reference conditions based on bioclimatic subdomains, including the western Picea mariana-feathermoss subdomain. Our results are more precise, targeting four portions of this subdomain and 14 landscapes (Fig. 1) . Our study is also the first to consider the level of potential vegetation type (local scale), an important component of the classification of ecosystems in Quebec and in many countries around the world. We consider our study to be a step forward in the methodology by which reference conditions are defined, by finely respecting the regional characteristics of landscapes and characterizing each of them on the basis of the long-term natural variability of vegetation and age structure (Stoddard et al. 2006; Keane et al. 2009; Pollock et al. 2012 ). This variability allows us to see how reference conditions have changed along with climate and fire regime across millenia (moving benchmark) and to define critical thresholds of ecosystem change.
Our findings on natural ecosystem variability highlight the transformation of natural landscapes by human activities that occurred prior to impacts of accelerating climate change. However, the expected scale of global warming over the next decades raises important questions for ecosystem management. A return to conditions approaching those that prevailed in the past may not be possible, with the exception of those observed during the early Holocene period. In such a context, what management strategies will be appropriate in the future? Although climate change could amplify the effects of human and natural disturbances, boreal species have demonstrated their ability to grow in a wide range of conditions in the past, and can be expected to show important resilience. Conversely, in view of the extensive effects and the uncertainties associated with climate change, specific actions may need to be taken to maintain the health of the boreal forest . Researchers and land managers must learn to anticipate responses to future climatic conditions, and manage landscapes and ecosystems to maximize resilience of forest species (Keane et al. 2009) . Regardless of what the future holds in store, studies of natural conditions and processes across several millenia are important because they form the basis of ecosystem management, and will be useful in the context of climate change.
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